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of dopaminergic neurons in the
midbrain [10]. These neurons are
thought to represent the
mismatch between expected and
actually delivered reward. In this
scheme the newly discovered
neurons would provide one of the
compared signals.
Lesion studies would allow
exploring the exact causal role of
this avian brain area in the
delayed reward choice task.
Studies in rats have shown that
the lesion of the Nucleus
accumbens, a part of the
mammalian basal ganglia, leads
to more impulsive choices [14].
We started with the question
how humans can behave
irrationally. The fact that both
pigeons and humans discount
future reward in a hyperbolic
fashion turns this original question
around. Because of the nature of
our reward discounting we would
expect to always prefer immediate
gratification to what is in our long-
term interest. In this sense, the
smoker did the most natural thing.
What needs explanation is the
existence of rational behavior. If
not pigeons than at least humans
are sometimes able to overcome
their temptations and to exert
self-control. It is this that needs
an explanation. Pigeons, which
are rather impulsive, might not be
the best subjects to study these
control mechanisms. Primates
with their well-developed frontal
cortex might offer a better chance
to understand voluntary control of
behavior, a cognitive ability that is
of central importance in our life as
human beings [15]. This will allow
us to development better
treatments for substance
addiction, gambling, obesity, lack
of exercise and a whole host of
other important behavioral
problems in our modern world.
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The phenomenon of sex
chromosome inactivation presents
one of the most fascinating
problems in biology. It is best
known in mammals, where
inactivation occurs in several
situations. In the female soma,
inactivation of a single X
chromosome ensures that XX and
XY individuals have equal X
chromosome dosage even though
they inherit an unequal number of
X chromosomes [1]. A second,
though less-recognized form of
inactivation takes place in males:
known as ‘meiotic sex
chromosome inactivation’ (MSCI),
the phenomenon silences both X
and Y during meiosis (Figure 1A)
[2]. Why this happens at all
remains mysterious, but in recent
years there have been
considerable advances in our
understanding of its evolution,
mechanism and potential
biological relevance. Most recently,
two papers from the Burgoyne
group [3,4] have revealed intriguing
new rules that govern MSCI. The
trigger, it seems, is unpaired DNA
at pachytene, the stage of meiosis
when homologous chromosomes
normally synapse (pair).
This is a startling discovery, as it
implies that the MSCI mechanism
may originate in a most improbable
biological progenitor — a moldy
fungus called Neurospora. As in
other organisms, meiosis in
Neurospora crassa is marked by
pairing of homologous
chromosomes in preparation for
segregation to haploid gametes. A
few years ago, Metzenberg and
colleagues [5] made the surprising
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In mammals, the process of making sperm is marked by
inactivation of sex chromosomes. Why and how does this happen?
The answer apparently lies in whether a chromosome finds a
pairing partner. Similar mechanisms in mold and worms reveal a
surprising and recurrent theme throughout evolution.
observation that the inability of a
DNA sequence to find a pairing
partner triggers a mechanism that
specifically inactivates the
unpaired sequences. Termed
‘meiotic silencing by unpaired
DNA’ (MSUD), the phenomenon is
thought to comprise an ancient
genome defense mechanism
against invading viruses and
transposons on the move. MSUD,
it seems, has dispersed far across
evolution. Indeed, it has also been
described in Caenorhabditis
elegans [6], where maleness is
determined by the XO state. Left
without a pairing partner, the lone
X acquires histone methylation
imprints and becomes silent in the
germline and early embryo.
To what extent can MSUD be
generalized? The latest works
[3,4] in mice extend the
phenomenon to mammals and
suggest that it may in fact be the
basis of MSCI. With a long-held
interest in meiotic sex
chromosome behavior, the
Burgoyne group had been
investigating proteins that
regulate MSCI. Male meiosis was
known to depend strangely on the
breast cancer gene Brca1 [7], and
on the histone variant H2AX [8].
The phosphorylated form of
H2AX, γ-H2AX, is of particular
significance: observed on all
chromosomes before synapsis, its
distribution becomes restricted to
the XY body at pachytene and is
absolutely required for MSCI
(Figure 1A). In the first paper,
Turner et al. [3] asked what kinase
might be responsible for
phosphorylating H2AX and
identified ATR, related to the
ataxia telangiectasia protein ATM
[9,10], as the candidate kinase.
ATR also localizes to the XY body
in pachytene [3,10]. Because
BRCA1 goes to the XY body first
and is not affected by the loss of
H2AX [3,8], the authors propose
that BRCA1 recruits ATR to H2AX
on the XY body [3], thereby
illuminating a likely molecular
pathway leading to MSCI.
In the course of analysis, Turner
et al. [4] made a serendipitous but
critical observation. Curious about
what feature of the XY body
attracts BRCA1 to it, they and
others [8] noted that BRCA1 only
binds unpaired regions of the XY
body. Because the X and Y are
nonhomologous except at the
small pseudoautosomal region
(PAR), male pachytene is
ordinarily marked by partial
synapsis at the PAR. Clearly, then,
asynapsis was the key. With the
discovery of Bean et al. [6] in
mind, the authors tested their
hunch by asking what happens
when other chromosomes lose
pairing partners. 
The T(X;16)16H mouse carries a
reciprocal X-to-chromosome 16
translocation and provided the
perfect opportunity for Turner et
al. [4] to test their idea. In these
spermatocytes, varying degrees
of asynapsis can be observed
between the X and chromosome
16 segments, due to steric
problems of finding homologous
sequences. In those cases where
there was little or no synapsis at
all during pachytene, any
unsynapsed region was found to
attract BRCA1, ATR and γ-H2AX,
including unsynapsed portions of
chromosome 16 (Fig. 1C).
Asynapsis was associated with
silencing, as cytologically evident
from a dearth of nascent RNA
expressed from the region. Thus,
the trigger for MSCI may simply
be the lack of a pairing partner at
pachytene.
But if MSUD is the mechanism,
why should MSCI be specific to
the male germline? One of the
most surprising findings in the
work of Turner et al. [4] is that, in
fact, MSUD and MSCI can take
place in the female germline as
well. The mammalian female
normally possesses identical pairs
of both autosomes and sex
chromosomes, so meiosis is
generally characterized by perfect
synapsis of all chromosomes. To
test what happens when
chromosomes fail to pair, Turner
et al. [4] took advantage of XO
mice — mice with a single X
chromosome — which develop as
females but have increased oocyte
loss perinatally and shortened
reproductive lifespan [11].
XO mice produce two types of
oocyte, those where the X is
unpaired and those where the X
undergoes a sort of illegitimate
‘pairing’ with itself or with an
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Figure 1. Silencing of
unpaired chromosomes in
the mouse germline.
(A) During pachytene in
normal males, the unpaired X
and Y chromosomes are
marked by phosphorylated
histone H2AX (green) and are
transcriptionally silenced, as
determined by lack of Cot-1
RNA hybridization (red) which
marks sites of ongoing tran-
scription. This silent green
structure is the XY body. 
(B) In pachytene nuclei from
males carrying a reciprocal
translocation between the X
chromosome and chromo-
some 16, varying degrees of
pairing failure can be
observed on chromosome 16
— their SCP3 axial elements
(green) are not paired. Like
the X and Y, unpaired chro-
mosome 16 segments
exclude Cot-1 hybridization
(red) but accumulate γ-H2AX.
(C) In XO female germline,
the single X chromosome
lacks a homologous pairing
partner and also undergoes
MSUD, as shown by the
accumulation of γ-H2AX
(green) and absent transcrip-
tion (exclusion of red Cot-1
signals). Photographs cour-
tesy of James Turner.
autosome. Turner et al. [4] found
that unsynapsed Xs also recruit
BRCA1, γ-H2AX and ATR, and
exhibit hallmarks of silencing
(Figure 1C). But when the X is
synapsed, even through
nonhomologous means, the
chromosome is spared these
consequences. These
observations potentially provide
an explanation for reproductive
patterns in XO mice and humans:
the loss of oocytes may reflect the
frequent asynapsis of the lone X
and the consequences of
inappropriate X inactivation in
these germ cells, and the
occasional viability of XO oocytes
may arise from nonhomologous
pairing events which enable the
oocyte to escape inactivation. 
Turner et al. [4] also found that
autosomes are subject to MSUD
in oocytes. In normal XX mice,
some oocytes can exhibit
synaptic errors. The authors
examined these abnormal
meioses and found that any
chromosome failing to find a
partner, be it autosome or sex
chromosome, acquired BRCA1, γ-
H2AX and ATR. Thus, MSUD is a
general phenomenon in mice that
affects both the male and the
female germline.
Many questions remain
unanswered. What is the purpose
of MSUD in the mouse germline?
Although we can now appreciate
it as a mechanism for MSCI in the
male, could it have broader
applications? MSUD may have
been handed down through
evolution as a means of culling
out (or at least inactivating)
unwanted DNA. Such a defense
system would be an effective way
of preserving genome integrity in
mammals too, as indeed the
mammalian genome is replete
with transposons (or their relics).
Interestingly, however, many
theories of evolution suggest that
new genes arise from sequence
duplications and transposition
from a parent gene, as illustrated
by olfactory receptor and
immunoglobulin genes [12]. Have
such duplications been subject to
MSUD? As a corollary, are
transgenes silenced by MSUD? It
is also thought that speciation
frequently follows large-scale
chromosome rearrangements [12].
Would such events bypass
MSUD? Perhaps the ability of
DNA to associate
nonhomologously enables rare
events to circumvent MSUD,
explaining the slow pace at which
evolution generally tends to occur.
We then return to the question
of MSCI and its physiological
relevance in mammals. In light of
the current research, MSCI might
simply be an evolutionary relic of
MSUD. That is, MSCI might exist
only because mammals have
chosen to preserve MSUD as a
genome defense mechanism.
Although plausible, MSCI would
seem self-defeating, as it would
silence the numerous sex-linked
genes that are known to be
necessary for spermiogenesis.
Other schools of thought have
suggested that MSCI is required
to suppress recombination
between homologous regions of
the X and Y [13], or to prevent
asynapsed XY regions from
triggering the meiotic checkpoint
[14]. This idea is consistent with
localization of many
recombination and cell cycle
checkpoint proteins — such as,
BRCA1, ATR and γ-H2AX — on
the XY chromatin at pachytene.
A more recent hypothesis
suggests that MSUD may also
have been borrowed as a
mechanism of dosage
compensation in the early
mammal [15,16]. Although the
question of when XCI takes place
is currently controversial [16,17],
one view holds that one X
chromosome is already silent at
conception and may actually be
pre-inactivated in the paternal
germline [16]. If so, given MSUD
during male meiosis, the silent X
may well trace its origins to MSCI.
Thus, MSUD may also serve as a
primordial ‘imprinting’ mechanism
in mammals [15]. 
These ideas raise the important
question of whether the effects of
MSUD persist beyond meiosis in
mammals, as is the case in C.
elegans [6]. The transcriptional
status of the post-meiotic X is
currently also controversial, but
the possibility of silencing going
beyond meiosis warrants further
investigation. This possibility is
supported by a growing class of
so-called ‘retrogenes’ [18–20]:
X-linked genes which have
transposed to autosomal
locations during the course of
mammalian evolution. The
extensive gene trafficking from
the X to autosome may have been
in response to MSUD/MSCI,
which would have otherwise
silenced those genes required for
spermatogenesis.
What other surprises will MSUD
hold? MSUD is likely to be very
ancient, perhaps going beyond
Neurospora to the earliest sexual
diploids. One can even predict
that MSUD will, in time, reveal
itself to have many biological
applications aside from genome
defense, sex chromosome
inactivation, imprinting, and
chromosome evolution. There is
clearly much more to learn.
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If you are not a clone, you can be
confident that the first instant of
your life was initiated by a cell
fusion: fertilization [1]. Cell fusion
also serves to assemble and
maintain many of our organs,
including muscles, bones and
placentas [2–5]. Recent attention
has been drawn to cell fusion as a
process that can promote
differentiation of stem cells: bone-
marrow stem cells can differentiate
into several distinct cell types,
including hepatocytes, cardiocytes
and neurons, as a result of cell–cell
fusion [6]. Cell fusion has also been
implicated in the progression of
cancer, causing tumor cells to
become more malignant or
resistant to therapeutic agents [7]. 
Our understanding of the
mechanisms by which two
apposed lipid bilayers fuse has
come from extensive analysis of
intracellular vesicle fusion and
virus–host cell fusion [8,9].
Conformational changes of
fusogenic SNARE proteins in
intracellular vesicle fusion, and
hemagglutinin in virus–host fusion,
bring two apposing lipid bilayers
into close proximity, causing them
to meld into a single bilayer. In
contrast, the mechanisms
underlying the cell–cell fusions
that occur during development are
poorly understood. Although many
genes required for normal cell
fusion in animals have been
reported [1,3,4,10], none has been
demonstrated to encode a bona
fide fusogen capable of joining the
plasma membranes of two cells. 
Recent findings by Shemer et
al. [11] and del Campo et al. [12]
on the EFF-1 protein, which is
essential for developmental cell
fusion in the nematode
Caenorhabditis elegans [13], have
shown that EFF-1 is sufficient to
activate fusion of cells that
normally never fuse, implicating it
as a possible fusogenic molecule.
Moreover, EFF-1 dynamically
localizes to fusion-fated
membranes prior to, and during,
cell fusion [12], suggesting that
EFF-1 may act directly at the
membrane to promote conjoining
of lipid bilayers during
developmental cell fusion.
Although cell fusion functions in
the formation of organs, the
primary role of developmental cell
fusion remains generally
unknown. Fusion may provide a
mechanism for cells to acquire a
new identity and functional
properties. For example, whereas
transdifferentiation of unfused
bone-marrow stem cells into
different cell types might require
specialized stimuli, such as
cytokines and cell–cell
interactions that direct their
differentiation, bone-marrow stem
cells that undergo fusion could
exploit existing cellular
components present in a fusion
partner to reprogram their identity. 
But fusion-competent cells walk
a tightrope, as inappropriate
fusion can have disastrous
consequences. Fusion creates
polyploid cells, and thereby
instability and chromosome loss,
which can result in tumorigenicity.
In fact, many tumor cell types are
fusogenic, and promiscuous
fusion between tumor cells, or
between tumorigenic and normal
cells, endows the hybrids with
new properties, which can include
higher proliferation rates,
metastasis and resistance to
apoptosis and drugs [7]. Thus, the
fusogenicity of tumor cells can
increase tumor cell diversity,
thereby enhancing their
malignancy.
As with any process that
dramatically affects cellular
function, developmental cell fusion
must be spatiotemporally
regulated. Detailed anatomical and
developmental analyses of
C. elegans have revealed that
about one-third of this nematode’s
somatic cells fuse with other cells
to generate a number of epidermal
and muscle syncytia, providing an
excellent model system for
analyzing the in vivo mechanisms
of cell fusion [4,14,15]. This pattern
of cell fusions is highly invariant,
and even the particular side of a
cell that undergoes fusion is highly
reproducible. 
Extensive genetic screens in
C. elegans have identified many
alleles of a single gene, eff-1, that
is essential for epithelial cell
fusions [5,12,13]. In eff-1 mutants,
all epidermal cells fail to fuse. The
eff-1 gene encodes a
association of ATR protein with mouse
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Cell Fusion: EFF Is Enough
Developmentally programmed cell–cell fusion in Caenorhabditis
elegans requires the EFF-1 protein, which is sufficient to cause
normally non-fusing cells to fuse. EFF-1 localizes to fusion-fated
membranes, implicating it as a direct fusogen.
